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e A Computational Model of Motor Behavior
Wayne Iba
Pat Langley

Irvine Computational Intelligence Project
Department of Information & Computer Science
University of California, Irvine, CA 92717 USA

IR N

Abstract
.
G Generating even simple motor behavior using artificial manipulators has proven to be a
- very difficult task. We present a computational model of motor behavior that assumes
o . . . . .
" three inputs: a limb for carrying out motor commands, a viewer-centered schema describ-

ing the desired behavior, and a sensory-motor interface allowing two-way communication
between the agent and the environment. We define a motor schema as a memory structure
containing a few positions from the trace of a movement; the model produces intervening
points between those in the schema. A viewer-centered schema is transformed into its

G

~
'-'_', dual representation, facilitating execution of the desired movement on the limb. These
t:.- two forms of a schema represent the same points in three dimensional space, but behave

in importantly different ways when acted upon by the model. Our model accounts for a
number of phenomena from the literature including the speed accuracy trade-off and the
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o closed loop and open loop distinction. The model suggests directions for further experi-
%o mentation.
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1. Introduction

All humans possess the ability to carry out skilled movements, but cognitive science
has devoted insufficient attention to this important process. In this paper, we present a
computational theory of motor behavior that is consistent with psychological studies of
human motor skills. We view the model as filling an important gap between research on high-
level cognitive processes (such as planning) and low-level neural mechanisms that control 1
physical actions. 4

Psychological studies of motor behavior and skilled performance have been plentiful,
but there has been little work addressing the representations and processes that underly
such behavior. We believe that a computational theory of motor skills will lead to new
insights about human motor behavior and suggest specific predictions that could be tested
by further experiments. Such a theory should also help fill the gap between results in robotics
and neuro-biological work on motor control.

e B Bl

In the following section, we briefly review several experimental results on human motor
behavior, focusing on the psychological phenomena that our theory will address. After this ‘
[

we describe the theory, starting with its representational assumptions and then considenng
its basic mechanisms. Finally, we present some experimental results with the simulation of
a two-jointed arm, observing the system’s behavior as we change various parameters.

2. Human Motor Behavior

Space allows only a brief sketch of the nature of muscle control, but we direct the reader
to Kelso [1982] for a more comprehensive treatment. In this section, we can only consider
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the basic structure of the human motor system, along with some of the major phenomena
addressed by our theory.

Low-level motor control is handled by a servomechanism involving pairs of muscles that
work in opposition. Maintaining the necessary forces of contraction in the respective muscles
is performed by a local configuration of neurons and a muscle spindle operating in a feedback
cycle. Increasing the load on a muscle will result in a greater contraction in the muscle fiber in
response to the feedback from the muscle spindle. The important principle is that organisms
are able to ‘set’ their limbs in a desired position relatively independent of loads and lack of
visual or proprioceptive feedback. With this in mind, we now present the main phenomena
which our model is able to account for.

One of the most robust findings in the motor literature is the tradeoff between speed and
accuracy [Fitts et al.,1964; Langolf et al.,1976]. Humans can perform skills very accurately
when carried out slowly, but their performance deteriorates as they ‘run’ the motion more
quickly. This tradeoff gradually disappears as the skill is learned more completely with
practice. Another finding is that the minimum time required to incorporate sensory feedback
and initiate movements in response is approximately 200 msec. [Keele et al.,1968;Henry et
al.,1961]. In the theory we propose, this limit is intimately related to the speed/accuracy
tradeoff.

The literature on motor behavior makes a distinction between closed loop and open loop
behavior [Stelmach,1982; Schmidt,1982a], but our framework creates a blend of the two.
Closed loop behavior refers to motions that can be consciously adjusted as a result of the
‘closed loop’ of feedback. Open loop behavior describes movements that are performed
without conscious control and without utilizing higher level feedback. Instead of using one
model exclusively, we suggest there is a continuum from closed to open loop, where a point
between the two is determined by the the amount of attentional resources that are required.

Empirical studies have also found a significant amount of skill transfer between different
limbs. For instance, Hollerbach [1979] reports that handwriting generated by the nondom-
inant hand is recognizably similar to that from the dominant hand. Such transfer occurs
in other types of motor tasks as well, suggesting certain invariants in our representations of
motor behaviors. We return to these phenomena, and our theory’s explanation for them,
after we have described our theory itself.

3. A Model of Motor Performance

Before describing our theory of motor behavior in detail, it is useful to clearly specify
the inputs and outputs of the model. The first input is the structure of the limb involved in
the skill; this may vary, but always consists of a set of connected joints, such as a shoulder,
an elbow, and a wrist. Another input is the motor schema to be executed; this represents
the intended movement. The final input is a sensory-motor interface; this provides the
system with feedback about the results of its actions in the environment. The output of the
model is motor behavior, described in terms of the locations and velocities of jointed limbs
at successive points in time. Now let us turn to the representation of motor schemas in the
theory.
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3.1 Representing Motor Schemas and Motor Programs

Schmidt {1982b] has used the term motor schema to refer to some stored description of a
motor skill. We will define this term more precisely as a sequence of points, (X1, X2,...,X,),
that describe the location of a connected set of joints (e.g., an arm) at successive time steps.
Each point X; = (¢, {(Ji, P, V,m),...}) contains a time value ¢ along with a set of 4-tuples.
The time indicates when (relative to the start of the schema) this particular set of 4-tuples
should describe the condition of the joints. Each 4-tuple consists of (1) a joint label specifying
a particular joint, (2) a desired position in three-space for the joint at time ¢, (3) a desired
velocity vector describing the direction and speed for the joint upon reaching that position,
and (4) a scalar multiple that is applied to the velocity as the joint leaves the position.

Within this framework, position and velocity vectors can be represented using two dif-
ferent coordinate systems. The viewer-centered representation simply uses Cartesian three-
space with the origin at the base (the first joint) of the arm. This corresponds to the view
an agent might receive while performing a skill.

An alternative scheme represents points in a joint-centered space, in terms of rotations
about a local coordinate frame with the origin at each joint. That is, each joint has its own
coordinate system in which location is represented using a distance p from the origin, an
angle of rotation about the x-axis (6.), and an angle of rotation about the y axis (6,). The
coordinate system for a particular joint J; is defined in relation to the joint to which it is
connected. Thus, the coordinates for an elbow would be described in the reference frame of
its associated shoulder joint. This representation can be used to generate motor behavior; in
addition, this is the form in which proprioceptive information is available during execution.

While these dual representations might seem unnecessary, they lend considerably to the
model’s explanatory power. We propose that a human would originally acquire a viewer-
centered schema by observing another person performing a skill. Joint-centered schemas are
created when an attempt to perform the observed task has been made. It is not immediately
apparent that these two representations have quite different representational characteristics.
While they are both able to specify any point in three-space, when acted upon by theory,
they may produce quite different results. This results from the sparse structure of the motor
schema. A viewer-centered schema can easily represent a straight line with two points, while
the joint-centered schema would require an infinite number of points. This differential power
of the two representations makes certain predictions about the types of tasks that would be
easy or difficult to learn.

3.2 The Performance Component

Given a viewer-centered schema that describes some desired behavior, the performance
system attempts to carry out this behavior using a specified limb. This involves a number
of processes. First, the viewer-centered schema must be translated to a joint-centered rep-
resentation. The resulting schema must then be ‘run’ by generating an executable motor
program and carrying out the specified actions. Simultaneously, the agent must monitor
the resulting states, comparing actual positions with the intended positions as given in the
viewer-centered schema. Execution and monitoring proceed in parallel until an error is de-
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tected. At this point, the system initiates an error correction process to return the limb to
the desired path. Now let us consider each of these processes in more detail. s

From viewer-centered to joint-centered schemas. The first step in carrying out a motor skill
involves translating the viewer-centered schema into a joint-centered representation that can
be directly executed.! We will not consider the details of this transformation process, but
we will assume that it is serial in nature and that it is potentially errorfull. Transformations
must be done for each joint in a serial manner, starting with the base joint and considering
each successive joint in turn. Errors may be introduced at each level, with small errors early
in the process being compounded in more remote joints.

Fzecuting the joint-centered schema. The joint-centered representation specifies only se-
lected points involved in the skill. To actually generate behavior, one must have the desired
locations and velocities for every joint at every point in time. We will use the term motor
program to refer to such an interpolated schema. Motor programs are not stored in memory;
they are generated in real time as the skill is executed. In our theory, the agent interpolates
the points making up a motor program by generating a spline for each joint, connecting
the sparser points in the joint-centered schema.? When the limb reaches the end of the
first spline segment, the target point becomes the source and the next point in the schema
becomes the target for the next spline. This method yields a smooth?, continuous curve
throughout the execution of the schema.

Monitoring. As we have seen, there is no guarantee that behavior generated by the joint-
centered schema will correspond to that specified in the viewer-centered description. Thus,
the agent must have some means of detecting divergences, and this is the role of the monitor-
ing process. In order to make the necessary comparisons, the monitoring component uses the
viewer-centered schema to generate a ‘pseudo’ motor program. This program cannot be exe-
cuted by effectors, but it specifies the desired position at each time during execution. When
the difference obtained from this comparison becomes noticeable (i.e., exceeds a threshold),
the monitor interrupts execution and invokes the error correction process. The monitoring
mechanism relies on two parameters: the frequency of monitoring and the error threshold.

Error Recovery. Once an error has been detected, the agent must recover from that error.
When invoked by the monitoring process, the error recovery mechanism applies a ‘burst of
force’ in a direction that will reduce the size of the error.t

1 Such a schema may already exist in long-term memory, having resulted from earlier practice with the
skill. In such cases, the skill can be executed without the transformation process, and thus cccurs more
quickly.

2 We are making the assumption that low-level neural circuitry can take relatively sparse inputs from a
schema and generate a motor program. Even if not completely accurate, this simplification can be corrected
later, and in the meantime it lets us proceed with modeling the higher level aspects of motor skills.

3 Movements which are not smooth, for example curves with a cusp, can also be generated with this

method if so desired.
4 This process models the type of conscious correction that results from error detection, and not an

unconscious, servomechanism style of correction.
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Error recovery involves generating a correction function that is added to points in the
existing motor program. This correction function has an inverted U shape, starting with
minor alterations, increasing to a peak, and then decreasing to zero after a time. The sum
of the function’s effects are equal to the size of the detected error. This means that if the
error is constant, the path of the limb after error correction would return to the desired path
after error correction has ended. The rate at which error correction occurs is controlled by
a compensation parameter.

The use of an inverted U type correction function (sin, parabolic, or absolute value)
causes a gradual change in the limb’s actual movement over the lifetime of the correction
process.> Depending on the circumstances, this method can produce undercorrections or
overcorrections. The former occurs in cases where the uncorrected behavior was about to
begin reconverging with the idealized path, but had barely exceeded the error detection
threshold before this occurred. Since the original motor program would have returned to
the desired path on its own, an overcorrection will result. In contrast, undercorrections will
occur if the uncorrected behavior is still diverging from the desired path. Such cases will
require multiple calls to the error recovery process.

4. Experimental Results

We have implemented our model of motor behavior as a running FranzLisp program.
Although the theory is independent of the particular dimensions and rotational constraints,
we have tested our system using a two-jointed arm with roughly human charactenstics.
Thus, the arm includes an upper arm and a forearm, the former rotating at a shoulder joint
and the latter at an elbow joint. All of our tests have been run in two dimensions.

Initial tests have involved attempting to move the ‘hand’ through a straight line. Ex-
cept for trivial cases, such motions are are extremely difficult for a jointed arm to execute
[Hardy,1984], though they are easy to describe in viewer-centered coordinates. In a joint-
centered representation, every movement of the arm must trace the path of an arc, and this
can only be stored using many points closely spaced in time. In this way, the arm can be
made to approximate a straight line by stringing together a sequence of many small arcs.

Figure 1 presents three pairs of curves from three separate execution trials.® The first
of each pair are overlapped in the circular arc in the upper left corner of the figure because
the lengths of the links are fixed as is the position of the shoulder joint. One of the curves
represents the desired motion as described in the viewer-centered schema. Another pair
traces the motion of the hand and elbow when we ran the model with no monitoring and
error correction. The final pair of curves presents the resulting motion when monitoring
and error correction were operational. As expected, the latter case approximates the ideal
curve more closely than the monitoring-free case. However, neither behavior is a very good
approximation. For this, the joint-centered schema would require additional points.

5 Note that this introduces another patameter — the actual correction function. Along with this, we also
include a parameter that specifies the duration of the correction process.
6 Successive points were generated at equal time intervals, so one can estimate the velocities involved by

examining the distances between points.
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Figure 1
Two dimensional plots of three trials using a straight line schema.
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Since we can run a schema at different speeds, we can test the model’s ability to predict
the tradeoff between speed and accuracy. Figure 2 shows that running the straight-line
schema at higher speeds leads to greater deviations from the desired motion, i.e., to lower
accuracy. We measure accuracy as the average deviation from the viewer-centered schema
over the course of an execution. This score is computed by summing the angular deviation
at each joint during monitoring and dividing by the total number of monitorings during that :
execution. ".':+
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We have also noticed another intriguing regularity in the model's behavior. The im-
plementation contains a parameter that scales the amount of compensation applied during .
error correction. Different settings of this parameter lead to different responses to error. .
Frequently the model detects an error as the deviation is becoming progressively greater,
and radical corrective action is in order. However, such a remedy can also result in overcom-
pensation, leading the model to ‘overshoot’ the desired position or trajectory.

Figure 3 presents the effects on the model's behavior as one alters the value of this
parameter. When the schema is run slowly (making monitoring infrequent), increasing the
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Figure 3
Decreasing error as a function of increasing compensation factor.

amount of correction leads to a decrease in the average deviation from the desired path.
However, higher settings can actually produce worse performance when the schema is run
slowly; for instance, when attempting to follow a straight line, the hand may instead follow a
jagged line that cuts back and forth across the desired path. Although we certainly did not
plan the model to behave in this fashion, we believe it makes sense. When monitoring occurs
frequently, the system makes only minor errors and needs only minor corrective action. A
high setting for the correction parameter will cause the system to overcompensate, and this
can lead to wild oscillations.

In our performance model, we have seen only complete open or closed loop behavior.
The trace of the execution without error correction in Figure 1 is an example of open loop
behavior; the execution with error correction is an example of closed loop behavior. When a
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learning mechanism is included with the theory, improvements in the joint-centered schema
will allow behavior to fall somewhere in between the two extremes, since less attention is
required in order to maintain a given level of performance. We explain the transfer of motor
skill between limbs by noting that our joint-centered schemas are stored independent of a
particular limb. However, due to differences in the physical characteristics of the limbs, the
resulting behavior would be deteriorated. Both of these phenomena are concerns for our
continuing research.

5. Conclusion

In this paper we presented a computational theory of human motor behavior. The model
assumes that two distinct representations underly motor skills, one based on viewer-centered
coordinates and the other using joint-centered coordinates. Each consists of a sequence of
‘points’ that describe the locations and velocities of relevant joints at successive points in
time. Motor behavior involves translating from the viewer-centered scheme to the joint-
centered scheme, and then interpolating intermediate points to produce actual behavior.

We found that the two representations have different capabilities, each describing some
motions better than the other. For this reason, the translation process is inherently imperfect
and the agent must continually monitor his behavior for deviations from the desired path.
When errors become noticeable, the agent invokes an error recovery process that attempts
to put the bothersome joints back on track. We also argued that there was a lower limit to
monitoring frequency, and that this limitation led naturally to the speed-accuracy tradeoff
and the distinction between closed-loop and open-loop behavior.

Our initial tests of the model have been encouraging, but we need to consider its response
given different motor schemas, with different numbers of points in each schema, and with
different parameter settings. We also need to consider mechanisms for improving schemas
as the result of experience. One obvious learning method would add a point to the joint-
centered schema whenever its behavior required error recovery, but we plan to explore other
techniques as well. Ultimately, we hope to develop a general and robust theory of human
motor performance and learning.
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